A gene encoding β-glucosidase was cloned from Weissella cibaria 37, an isolate from human feces. Sequence analysis showed that the gene could encode a protein of 415 amino acids in length, and the translated amino acid sequence showed homology (34-31%) with glycosyl hydrolase family 1 β-glucosidases. The gene was overexpressed in E. coli BL21(DE3) using pET26b(+) and a 50 kDa protein was overproduced, which matched well with the calculated size of the enzyme, 49,950.87 Da. Recombinant β-glucosidase was purified by using a his-tag affinity column. The purified β-glucosidase had an optimum pH and a temperature of 5.5 and 45 o C, respectively. Among the metal ions (5 mM concentration), Ca 2+ slightly increased the activity (108.2%) whereas Cu 2+ (46.1%) and Zn 2+ (56.7%) reduced the activity. Among the enzyme inhibitors (1 mM concentration), SDS was the strongest inhibitor (16.9%), followed by pepstatin A (45.2%). The K m and V max values of purified enzyme were 4.04 mM and 0.92 µmol/min, respectively, when assayed using pNPG (p-nitrophenyl-β-D-glucopyranoside) as the substrate. The enzyme liberated reducing sugars from carboxymethyl cellulose (CMC).
β-Glucosidases (β-D-glucoside glucohydrolase, E.C. 3.2.1.21) are enzymes commonly found among plants and microorganisms, catalyzing the hydrolysis of β-glucosidic bonds of oligosaccharides, cell wall components, pigments, and cyanogenic glucosides [4] . β-Glucosidase is the enzyme that releases glucose from cellobiose, which is generated during cellulose degradation. Since β-glucosidases release compounds linked to glycosides, they have been applied for some industrial and food processing applications in addition to cellulosic material degradation.
Cassava contains cyanogenic glucosides such as linamarin and cyanohydrins, which prevent full utilization of cassava as a foodstuff. β-Glucosidase from Leuconostoc mesenteroides, a GRAS (generally recognized as safe) organism, could be used for the removal of the toxic -CN moiety, thus making cassava suitable for human consumption [10] . Production of aglycones from soy isoflavones is another example of β-glucosidase applications. Aglycones such as genistein and daidzein are more easily absorbed in the human body than their corresponding glycosides, genistin and daidzin [12] . β-Glucosidases can be also used to improve the aroma of fermented foods and wine. β-Glucosidases release aromatic compounds linked to glucosides in fruits, thus improving the organoleptic qualities of fermented foods [17, 20] . Bioconversion of ginsenosides into biologically more effective derivatives is another example of applications [6, 21] . As shown for these applications, β-glucosidases have good potentials to improve the functional and organoleptic properties of various fermented foods. Efforts to isolate diverse β-glucosidases need to be done, since efficient enzymes catalyze bioconversion processes greatly, generating bioactive compounds.
Weissella cibaria 37, previously isolated from human feces [16] , has desirable properties for being a probiotic, having fairly good resistance against bile salts and low pH. The strain also has higher β-glucosidase activity than other isolates. In this work, the structural gene for β-glucosidase of W. cibaria 37 was cloned and overexpressed in E. coli. The recombinant enzyme was purified and some properties were investigated.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Culture Conditions The strains and plasmids used in this study are shown in Table 1 . W. cibaria 37 was previously isolated from human feces and grown at 30 o C in deMan Rogosa Sharpe (MRS, Difco, Becton Dickinson Co., Sparks, MD) broth containing cellobiose [2% (w/v)] without shaking. Escherichia coli BL21(DE3) was grown in Luria Broth (LB) medium at 37 o C with vigorous shaking. For the selection of cells harboring pET26b(+), kanamycin was included into LB (60 µg/ml).
Construction of Expression Vector for β-Glucosidase Gene
The β-glucosidase gene of W. cibaria 37 was cloned by PCR using a primer pair, pETG-F (5'-CGGATCCTACTAAAAGGAATAACTAG-3', BamHI site underlined) and pETG-R (5'-GCTCGAGCTTACCTC GATACTCTAA-3', XhoI site underlined). The PCR reaction was performed using a MJ mini gradient thermal cycler (BioRAD, Hercules, CA, USA). The reaction mixture consisted of 1 µl of template DNA, 1 µl of each primer, 5 µl of dNTP mix, and 0.5 µl of ExTaq DNA polymerase (Takara, Shiga, Japan). The PCR conditions were as follows: 94 The amplified fragment was extracted from an agarose gel by using a gel extraction kit (Expin Gel SV kit, GeneAll Biotechnology, Seoul, Korea) and ligated with pET26b(+). First, E. coli DH5α competent cells were transformed with the ligation mixture and then E. coli BL21(DE3) cells were transformed with the obtained recombinant plasmid.
Overexpression of β-Glucosidase Gene from W. cibaria 37 in E. coli E. coli BL21(DE3) harboring pETG39 was grown in 250 ml of LB containing kanamycin (60 µg/ml) until the absorbance value at 600 nm (OD 600 ) reached 0.7. IPTG (isopropyl β-D-1-thiogalactopyranoside) was added (0.1 and 1 mM concentrations) and growth continued for 3 h. Cells were harvested by centrifugation (4,000 ×g, 10 min at 4 o C) and disrupted by sonication using an ultrasonicator (Bandelin Electronic, Berlin, Germany). Disrupted cells were centrifuged at 11,000 ×g for 10 min and the cell pellet (insoluble fraction) and supernatant (soluble fraction) were obtained. SDS-PAGE for the soluble and insoluble fractions was done according to Laemmli [15] . Twenty-five micrograms of sample (in 1× SDS buffer) was loaded into a 12% acrylamide gel after being boiled for 5 min.
Recombinant β-glucosidase was purified by using a HiTrap affinity column (HiTrap chelating HP; GE Healthcare, Sweden). The column was equilibrated with binding buffer (0.02 M sodium phosphate, 0.5 M NaCl, 10 mM imidazole, pH 7.4). Then, crude extract was applied to the column using a syringe. After washing the column with binding buffer (5× column volume), the bound enzyme was eluted with elution buffer (0.02 M sodium phosphate, 0.5 M NaCl, 8 M urea, 10-500 mM imidazole, pH 7.4) by a stepwise imidazole gradient. Fractions containing β-glucosidase were pooled, ammonium sulfate precipitated (80% saturation), and dialyzed against 0.02 M sodium phosphate buffer (pH 7.4). The dialyzate was freeze dried and finally resuspended in a small volume of 20 mM sodium phosphate buffer (pH 7.4). Protein concentration was determined by the Bradford method with bovine serum albumin (BSA) as the standard [5] .
Enzyme Assays of β-Glucosidase β-Glucosidase activity was determined by using pNPG (Sigma, St. Louis, MO, USA) as the substrate as described by Belancic et al. [2] . Briefly, 50 µl of purified enzyme (20 µg) was mixed with 50 µl of 10 mM pNPG and 100 µl of sodium acetate buffer (200 mM, pH 5.5). The mixture was incubated for 10 min at 45 o C and then 800 µl of 1 M sodium carbonate was added to terminate the reaction. The reaction mixture was centrifuged at 12,000 ×g for 15 min at 4 o C and the amount of p-nitrophenol (pNP) released was determined by measuring the absorbance of the clarified reaction mixture at 400 nm. The molar extinction coefficient used was 18,300 mol
. One unit of β-glucosidase activity was defined as the amount of enzyme that released 1 mmol pNP per minute.
Carboxylmethyl cellulose (CMC, Sigma) was also used as a substrate. In this case, the amount of reducing sugars released from CMC was measured by using 3,5-dinitrosalicylic acid (DNS) [18] . Fifty microliters of purified enzyme (20 µg) was mixed with 350 µl of 1% CMC in 50 mM sodium acetate buffer (pH 5.5) and the mixture was incubated for 10 min at 45 o C. One milliliter of DNS solution was added, boiled for 15 min, and then the OD 600 was measured. One unit of β-glucosidase activity was defined as the amount of enzyme that released 1 µmol of reducing sugar per minute under the assay conditions. Specific activity was expressed as unit per milligram protein. K m and V max values of purified β-glucosidase were determined by a Lineweaver-Burk plot using pNPG (1 mM to 10 mM) as the substrate at 45 o C.
Effects of pH, Temperature, and Inhibitory Compounds on β-Glucosidase Activity
The β-glucosidase assay using pNPG as described above was exactly followed to examine the effects of different pH, temperature, 
RESULTS AND DISCUSSION
β-Glucosidase Activity of W. cibaria 37 W. cibaria 37 has β-glucosidase activity induced by cellobiose in the growth medium. In MRS medium with cellobiose [2% (w/v)] as a carbon source, W. cibaria 37 grew quickly, like cells in the glucose medium [2% (w/v)] (Fig. 1) . Both cultures reached the OD 600 of 1.4 at 12 h and maintained similar values after 12 h. W. cibaria 37 digested cellobiose into glucose and then utilized glucose for the growth. In MRS with cellobiose, the β-glucosidase activity of the culture increased rapidly during the growth period, reaching the maximum (136.26 ± 0.83 unit/mg protein) at 12 h. W. cibaria 37 maintained a high level of enzyme activity until 24 h (135.47 ± 0.96 unit/mg protein) and then the activity decreased sharply during the next 12 h. The reduction in enzyme activity after 24 h was caused by exhaustion of cellobiose in the medium. In MRS medium with glucose, the activity remained at the basal level, 0.57 ± 0.01 unit/mg protein (at 6 h) or less, for the entire 48 h period. The result indicated that β-glucosidase was induced by cellobiose but repressed by glucose, the product of the β-glucosidase-catalyzed reaction. Lactose and sucrose are utilized quite less efficiently for the cell growth and the enzyme production. Interestingly, W. cibaria 37 grew slowly in galactose-containing medium in the beginning but the growth rate increased after 24 h, reaching the OD 600 of 1.2 at 48 h. The highest β-glucosidase activity was 13.88 ± 0.34 unit/mg protein for culture grown in lactose medium at 12 h and 11.44 ± 0.42 unit/mg protein for culture grown in sucrose medium at 12 h. In galactosecontaining medium, the highest activity was 11.18 ± 0.85 unit/mg protein at 48 h. Thus, galactose failed to induce β-glucosidase although it supported cell growth to some extent.
When the location of β-glucosidase in the W. cibaria 37 cell was examined, most of the activity was detected from the insoluble fraction of cells grown for 12 h in MRS containing cellobiose [2% (w/v)]. Specific activities for the insoluble fraction, soluble fraction, and culture supernatant were 132.22 ± 1.61 unit/mg protein, 0.82 ± 0.02 unit/mg protein, and 3.78 ± 0.02 unit/mg protein, respectively. The results indicated that most β-glucosidase remained inside the cells, probably connected to cell membrane, and a small amount of enzyme might be secreted into the culture medium. The same results were obtained for samples obtained at 24 h and 36 h of cultivation (results not shown).
Cloning of β-Glucosidase Gene of W. cibaria 37 A 1.3 kb fragment encompassing the β-glucosidase gene of W. cibaria 37 was amplified by PCR (results not shown). The primer pair used was designed based on the presumptive β-glucosidase gene of W. cibaria KACC 11862, for which the whole genome sequences were recently determined [14] . The fragment was cloned into pET26b(+) after digestion with BamHI and XhoI, and the ligation mixture was used to transform E. coli DH5α cells by electroporation. A 6.67 kb recombinant plasmid was obtained and named as pETG37. pETG37 was introduced into E. coli BL21(DE3). For facilitating purification of recombinant β-glucosidase, the last sense codon of the β- glucosidase gene was fused to histidine tag, 6 consecutive histidine codons, in the pET26b(+). For this purpose, a XhoI site was introduced into the reverse primer. E. coli cells harboring pETG37 are expected to produce β-glucosidase with additional eight amino acids (Leu-Glu-6 His) at the C-terminus. The 1.3 kb fragment was sequenced. An ORF was located and it started at 59 nucleotide (nc) and ended at 1,303 nc, capable of encoding β-glucosidase of 415 amino acids in length. In Fig. 2 , the complete amino acid sequence is shown without the eight extra amino acids at the C-terminus. The nucleotide sequence was deposited into GenBank under the accession number JQ913011.
The expected molecular mass and pI value are 48,885.75 Da and 4.88, respectively. If eight extra amino acids are included, the molecular size and pI value are increased to 49,950.87 Da and 5.09, respectively. The calculated size matched well with the size of the band on a polyacrylamide gel (50 kDa). The calculated pI value is higher than that of Lb. casei ATCC 393, where the pI was 4.5 [7] . Homology search using BLAST showed that β-glucosidase from W. cibaria 37 was 98% identical with a presumptive β-glucosidase of W. cibaria KACC 11862 in the amino acid sequence level. It can be expected that both strains belong to the same species. Among the 415 amino acids, nine amino acids were different from those of W. cibaria KACC 11862: M44T, I49V, A57V, T91A, A114V, L125S, N356S, I338V, and P400Q (amino acid of W. cibaria 37 shown first). Among the nine changes, three were conservative. β-Glucosidases belong to either glycosyl hydrolase family 1 or family 3 [4] . The β-glucosidase from W. cibaria 37 seems to be a family 1 enzyme since it showed 35-31% homologies with other family1 enzymes. Amino acid sequences of selected family 1 β-glucosidases were aligned with that of β-glucosidase from W. cibaria 37 (Fig. 3) . If similar changes were considered, the positive values increased around 50%.
Overexpression of β-Glucosidase Gene and Enzyme Purification E. coli BL21(DE3) harboring pETG37 was grown in LB until the mid-log phase and then expression of the β-glucosidase gene was induced by the addition of IPTG (0.1 and 1 mM concentrations). Soluble and insoluble fractions from E. coli cells were obtained and examined for the β-glucosidase activites as described in the Methods section. A 50 kDa band was observed in the insoluble fraction of cells induced by either 0.1 or 1 mM IPTG (Fig. 4) . The same band was observed in the soluble fraction of cells induced by 1 mM IPTG but the band intensity was much weaker. The result indicated that most β-glucosidase molecules in E. coli were of the insoluble form in the cytoplasm, forming inactive inclusion bodies (see explanation below).
It has been reported that inactive inclusion bodies are formed when foreign genes are overexpressed in E. coli cells [9] . Purification of the 50 kDa band was done by affinity chromatography using a Ni
+2
-nitrilotriacetic acid resin. The β-glucosidase was successfully purified and it was eluted at 300 mM imidazol concentration (results not shown). The purified β-glucosidase was assayed by using two substrates, pNPG and CMC, and the assay results are shown in Table 2 . Samples from E. coli BL21(DE3) [pET26b(+)] induced by 1 mM IPTG were used as a negative control. E. coli cells harboring pETG37 had activity of 49.85 unit/mg protein when assayed using pNPG as the substrate, whereas the negative control showed only 3.25 unit/mg protein. Although active β-glucosidase was produced by pETG37 in E. coli, the specific activity was significantly lower than that of W. cibaria 37 (64.23 unit/mg protein). Considering the thick Coomassie blue-stained 50 kDa band on the acrylamide gel (Fig. 4) , it can be explained that inactive β-glucosidase was overproduced in E. coli. It is well known that rapidly produced heterologous proteins by expression vectors tend to be inactive and often form inactive inclusion bodies [9] . Production of β-glucosidase using other vectors such as pBR322 or at lower temperature such as 20 o C may help to produce active enzyme.
The potential of recombinant β-glucosidase to hydrolyze molecules with β-glucosidic bonds was evaluated by testing CMC as the substrate. E. coli cells harboring pETG37 produced reducing sugars, as assayed by the DNS method. The enzyme activity based on the amount of reducing sugars was calculated. The activity of sample from E. coli [pETG37] was 2.41 ± 0.24 unit/mg protein. Although the value was smaller than that of W. cibaria 37 (4.73 ± 0.41 unit/mg protein), it still was higher than the control, E. coli with pET26b(+) (0.11 ± 0.05 unit/mg protein). The β-glucosidase from W. cibaria 37 might generate some cellobiose molecules from CMC, thus increasing the amount of reducing sugars. The enzyme could be used to cut β-glucosidic bonds present in various compounds such as isoflavones and ginsenosides. If an efficient renaturation procedure is developed for overproduced recombinant β-glucosidase, β-glucosidase produced in E. coli might be useful for some industrial applications.
The kinetic parameters of the purified β-glucosidase were determined by a Lineweaver-Burk plot using pNPG as the substrate (Table 3) . pNPG was used as the substrate from 1 mM to 10 mM concentrations and the initial velocities were calculated. K m was 4.04 mM and V max was 0.92 µmol/min. The K m value was larger than those from L. brevis SK3 (0.22 mM) [17] , L. mesenteroides (0.07 mM) [10] , and L. plantarum (1.82 mM) [20] , but smaller than that from L. casei (16 mM) [7] . The V max value of W. cibaria enzyme was smaller than enzymes from other LAB. The k cat of W. cibaria 37 β-glucosidase was calculated as 30.63 s -1 for pNPG. Belancic's method was used to determine the amount of released pNP. (Fig. 5B) . Activity decreased rapidly at temperature above 55 o C and the activity was 33.92 ± 0.81 unit/mg protein after 10 min at 60 o C. The optimum temperature and pH for β-glucosidase from W. cibaria 37 are similar to those reported for other microorganisms. The optimum temperature and pH for β-glucosidase from L. brevis SK3 were 45 o C and 5.5, respectively [17] . β-Glucosidase from a Lb. plantarum strain had the highest activity at 45 o C and the optimum pH was 5.0. Below pH 4.0, the activity was completely destroyed [20] . Thus, β-glucosidase of W. cibaria 37 shares properties, such as stability with those of other LAB. β-Glucosidases from other classes of microorganisms show different properties. For example, β-glucosidase from Saccharomyces cerevisiae showed the highest activity at 40-50 o C and pH 4 [11] . β-Glucosidase from Aspergillus niger had an optimum pH of 4.8 and the optimum temperature was in the range of 60-70 o C, much higher than that of W. cibaria 37 [13] .
The heat stability of β-glucosidase was examined by incubating β-glucosidase at 40 Fig. 5C , enzyme activity decreased rapidly during the first 10 min and then gradually decreased until 60 min. After 60 min, activity reduced to less than 40 unit/mg protein at all three temperatures tested. It can be concluded that β-glucosidase from W. cibaria 37 is not a thermostable enzyme and this reflects the mesophilic nature of the organism. β-Glucosidase from Aspergillus niger was reported to maintain 80% of initial activity even after 8 h incubation at 50 o C [13] . High thermostability is a desirable property for an enzyme to be used for the bioconversion processes where increased reaction rates and reduced contamination are achieved by employing high reaction temperatures.
The effects of metal ions (5 mM) and inhibitors (1 mM) on the β-glucosidase activity were examined ( reduced the activity significantly and Cu 2+ caused the strongest inhibition (46% activity remained). The results are similar to other reports [3, 8] . A β-glucosidase gene from Humicola grisea var. thermoidea was expressed in Saccharomyces cerevisiae [3] . The recombinant enzyme was significantly inhibited (80% inhibition) by 5 mM Fe
2+
, Cu
, and Zn
. A family 1 β-glucosidase, Bgl1A, whose gene was cloned from a marine microbial metagenomic library, was also significantly inhibited by 10 mM Cu 2+ (62% inhibition) but was enhanced by Ca 2+ (144%) [8] . Among the enzyme inhibitors, SDS inhibited the most (16.92%) followed by pepstatin A (45.24%), but EDTA (95.34%) and PMSF (94.01%) caused slight reduction in the activity. Similar result was observed for the Bgl1A mentioned above. Bgl1A was completely inactivated by SDS (99% inhibition) but was not affected significantly by EDTA [8] . Pepstatin A is a known inhibitor of aspartic proteinases such as pepsin, and cathepsins D and E.
More studies are required on the isolation and characterization of β-glucosidases from natural environments including microorganisms, especially enzymes with desirable properties such as stabilities against high temperatures and being less prone to end-product inhibition. Such enzymes could be useful for various applications, such as complete utilization of lignocellulosic materials [3] . 
